Large benthic foraminifera are significant contributors to sediment formation on coral reefs, yet they are vulnerable to ocean acidification. Here, we assessed the biochemical and morphological impacts of acidification on the calcification of Amphistegina lessonii and Marginopora vertebralis exposed to different pH conditions. We measured growth rates (surface area and buoyant weight) and Ca-ATPase and Mg-ATPase activities and calculated shell density using micro-computer tomography images. In A. lessonii, we detected a significant decrease in buoyant weight, a reduction in the density of inner skeletal chambers, and an increase of Ca-ATPase and Mg-ATPase activities at pH 7.6 when compared with ambient conditions of pH 8.1. By contrast, M. vertebralis showed an inhibition in Mg-ATPase activity under lowered pH, with growth rate and skeletal density remaining constant. While M. vertebralis is considered to be more sensitive than A. lessonii owing to its high-Mg-calcite skeleton, it appears to be less affected by changes in pH, based on the parameters assessed in this study. We suggest difference in biochemical pathways of calcification as the main factor influencing response to changes in pH levels, and that A. lessonii and M. vertebralis have the ability to regulate biochemical functions to cope with short-term increases in acidity.
Introduction
Anthropogenic activities related to fossil fuel combustion over the last two centuries have led to an increase in atmospheric CO 2 partial pressure ( pCO 2 ) levels from 280 ppm to about 400 ppm, which is around 40% higher than pre-industrial times [1] . According to the Intergovernmental Panel on Climate Change (IPCC), pCO 2 levels are likely to further increase and reach values between 650 and 1350 ppm by 2100 [2, 3] . The rise of pCO 2 levels reduces seawater pH, a process known as ocean acidification (OA). This also causes a decline in calcium carbonate saturation state (V Cc ), mainly by reducing the concentration of carbonate ions in the seawater [4] . Based on the IPCC predictions [2] , the decline in seawater pH is likely to range between 0.3 and 0.5 units by the end of this century, corresponding to a change in acidity of between 100 and 200%. For example, on the Great Barrier Reef, it is predicted that aragonite saturation state will drop to levels of approximately 2.4 by the end of the century [5] , and in some inshore reef areas, pCO 2 has already risen to concentrations of approximately 450 ppm [6] . The effects of OA are likely to be widespread across a diversity of marine life [7] . The decline in calcite saturation state (V Ca ) results in reduced calcification and increased dissolution rates of major marine calcifiers such as corals, foraminifera, calcifying algae and some molluscs, with potentially severe implications for coral reef ecosystems [7, [8] [9] [10] [11] . However, there is a lack of sufficient understanding of calcification mechanisms to explain species-specific differences observed in manipulative experiments [4, 7, 12] . Establishing the relationship between pCO 2 and calcification is important for assessing the impact of lowering pH in the future [13] , and the possible ecological consequences for reef-dweller foraminiferal populations.
Foraminifera are important contributors to CaCO 3 (i.e. calcite and aragonite) cycling in the ocean [14, 15] and are the most geographically widespread group of calcifying organisms, producing skeletons with either low-Mg or high-Mg calcite, depending upon taxa [16] . They are able to elevate pH at the site of calcification by at least one unit (i.e. an order of magnitude increase in H þ ion concentrations) above seawater pH and, thereby overcome precipitation-inhibition at ambient Mg concentrations [16, 17] . Among foraminifera species, photosymbiont-bearing large benthic foraminifera (LBF) species can contribute up to 80% of the global foraminiferal reef carbonate [14] , approximately 1 kg CaCO 3 m 22 yr 21 [18] . Changes in pH are predicted to directly affect LBF survivorship over longer time frames by modifying shell structure, disrupting the calcification process and possibly causing severe symbiont loss, known as 'bleaching' [19, 20] . As LBF rely on elevating the intracellular pH for their calcification [16, 19] , an ongoing and increasing extent of OA can result in a decrease of foraminiferal calcite production, as more energy needs to be spent by LBF to produce the same amount of calcite [16, 21] . However, the presence of symbiotic algae was previously suggested to provide an advantage, as the increase in CO 2 concentration in the seawater releases the algae from dissolved inorganic carbon (DIC) limitation [17] . As a consequence, photosynthetic rates can be enhanced, resulting in an increase of pH levels within the foraminifera microenvironment [11, 17] . The rate of calcification in LBF is highly affected by pH changes and decreases significantly when pH levels drop below 8.0 [22] . Several recent studies have explored the effects of OA on the growth, calcification and photobiology of LBF [10, 11, [23] [24] [25] [26] . Decline in pH can decrease shell weight [24] , cause reduction in calcification rates [10,11,24,26 -28] and photosynthetic efficiency [27] , and alter shell microfabric through dissolution of calcium carbonate crystals [25] . However, Vogel & Uthicke [23] showed either no effect or an increase in calcification rates of Marginopora vertebralis when exposed to pH lower than 7.6, and Uthicke & Fabricius [11] observed an initial increase in photosynthesis rates at low pH levels for this species. Local stressors such as exposure to elevated concentrations of dissolved inorganic nutrients can also act to lower the threshold of tolerance of LBF to changes in pH levels [26] . A recent meta-analysis on experimental data suggested that overall calcification in dinoflagellate-bearing high-Mg calcite foraminifera species are more sensitive to OA, whereas diatom-bearing low-Mg calcite counterparts tend to be more resistant to changes in pH conditions [29] .
Little is known about the biochemical and physiological processes behind the response of LBF to lowered pH/ increased pCO 2 . To better understand these effects in foraminiferal biology, cellular diagnostic parameters, also known as biomarkers, have been developed to assess the cellularphysiological condition of LBF [30] . Biomarkers are key cellular parameters that link a specific environmental exposure to physiological or morphological alterations [31] . Use of biomarkers enables the identification of putative stressors, as well as the ability to forecast the biological effects of these stressors based on an understanding of cellularlevel processes [30, 31] . Recently, the use of micro-computer tomography (mCT-scan) has enabled a comprehensive, quantitative analysis of internal structures without specific preparation or destruction [32, 33] . Here, we combine these two approaches (biochemical and morphological) to examine the response in the calcification process in LBF to future predicted levels of OA.
The main goals of this study were to determine the morphological and biochemical responses involved in growth and calcification of Amphistegina lessonii (d'Orbigny 1843) and M. vertebralis (Quoy and Gaimard 1830) to decreased pH/increased pCO 2 concentrations expected to occur within the next century and beyond. Amphistegina lessonii is mainly found attached to pieces of dead coral along the reef slope, at depths of more than 6 m [34] , and M. vertebralis are abundant on the reef flat [35, 36] . The two species differ in the chemical composition of their shells and symbiont type. Amphistegina lessonii precipitates low-Mg calcite and hosts diatoms, whereas shells of M. vertebralis consist of high-Mg calcite and host dinoflagellate endosymbionts. Besides differences in Mg content, A. lessonii also differs from M. vertebralis regarding calcification mechanism. Amphistegina lessonii is a calcareous, perforate species [19] , while M. vertebralis produces porcelaneuos, imperforate skeleton [37] . Perforate species store calcium and carbonate in separate intracellular pools that are used to precipitate new chambers extracellularly, whereas imperforate individuals precipitate calcite intracellularly in vesicles, which are then transported to the calcification site [16] . Therefore, these species are likely to respond in different ways to changes in pH levels. Specifically, we measured growth rates (surface area and buoyant weight), and two enzymes known to be involved in the balance of intracellular Ca 2þ and Mg 2þ ions (e.g. [38, 39] ), Ca-ATPase and MgATPase, respectively. We also used mCT-scans to analyse shell density and internal structures.
Material and methods (a) Sample collection
Dead coral reef rubble samples containing A. lessonii were collected by SCUBA divers from Heron Island (23826 0 51.7 00 S, 151854 0 45 00 E) at depths ranging from 6 to 10 m in April 2013, using long-established sampling procedures (e.g. [40] ). Pieces of coral rubble were brought to the surface and scrubbed using a toothbrush. Residual sediments were kept in plastic containers until transport to the Australian Institute of Marine Sciences (AIMS), Townsville, Australia. Upon arrival at the laboratory, the sediment samples were transferred to glass Petri dishes and placed undisturbed for 24 h in a flow-through aquarium system. Afterwards, adult A. lessonii individuals were extracted and separated for the experiment. Adult specimens of M. vertebralis were removed from the substrate on the reef flat at Green Island (16845 0 37.5 00 S, 145858 0 18.5 00 E) from depths between 0.6 and 0.9 m in April 2013. They were separated and held undisturbed in plastic jars within a flow-through aquarium system prior to the start of the experiment. Adult individuals were used in this study as they were abundant at collection sites.
(b) Experimental set-up
We studied the effect of decreased pH/increased pCO 2 on foraminiferal calcification in a flow-through system (400 ml min 21 ) using natural seawater over a period of 30 days in a climatecontrolled aquaria room (25 + 18C). Incoming seawater was filtered through a series of three filters (5 mm, (table 1) , as this is the pH range predicted by the end of the century and thus considered ecologically relevant [2] . Four replicate glass aquaria per treatment were set up and water was pumped into each treatment aquarium via submersible pumps from four storage tanks, where the desired pCO 2 level was regulated using a CO 2 injection system (AquaMedic, Germany). The system consisted of computer-controlled solenoid valves regulated via a feedback control, set to open and close when the pH rose above or below, respectively, the target pH in the storage tanks. Monitoring of the pH at each storage tank and aquaria was performed using pH electrodes (+0.01 pH unit) calibrated with standard US National Bureau of Standards (NBS) buffers. In addition, pH measurements were taken daily using a hand-held pH metre. Water temperature in each storage tank was recorded throughout the experiment using HOBO temperature loggers. Light was supplied using 10 000 K LED lights (55 W) and light levels were determined by a light-meter LI-1400 (LI-COR, NE, USA). Foraminifera were kept under a 12 h light/dark cycle. Each aquarium housed two 70 mm glass Petri dishes containing 40 specimens of A. lessonii each and two 10 ml glass vials (approx. 1 cm aperture) each containing 20 specimens of M. vertebralis for the biomarkers analyses. Additionally, one Petri dish containing two specimens of A. lessonii and one vial containing two specimens of M. vertebralis were deployed to analyse growth rates. Petri dishes containing A. lessonii individuals were covered with a 250 mm mesh, whereas M. vertebralis vials were covered with a 500 mm mesh to prevent individuals from crawling out. Light levels were further adjusted according to each species' requirement. Therefore, A. lessonii samples were wrapped with double-layer shade cloth in order to achieve a low light regime (25 mmol photons m 22 s
21
), whereas M. vertebralis were maintained under a slightly higher light regime (40 mmol photons m 22 s
). Irradiance levels chosen were based on previous experiments [23, 41] . Moreover, these levels are similar to the ones found for these species at their natural microhabitat [42, 43] . DIC and total alkalinity (A T ) concentrations were analysed from seawater samples collected weekly throughout the experiment from each treatment tank. Samples were analysed using the VINDTA 3C system at 248C and salinity 33 (Marianda, Germany; precision of +1 mmol kg 21 -SW for DIC and A T ). DIC and pH values were used to calculate pCO 2 , DIC and concentrations of CO 2À 3 , as well as calcite saturation state values (V Ca ) using the software CO2SYS [44] . Carbonate parameters were calculated using K1 and K2 equilibrium constants as described by Mehrbach et al. [45] and modified by Dickson & Millero [46] (table 1; electronic  supplementary material, table S1 ).
(c) Determination of surface area and buoyant weight Surface area was determined by digital photographs taken of the cross-sectional shell surface area (e.g. [23] . Photographs were taken from each sample using two normal appearing individuals with uniform colour displaying pseudopodial activity (indicative of health) and randomly assigned at the start of the experiment; the same individuals were identified and assessed at the end of the experiment. Photographs were analysed using IMAGEJ v. 1.48 [47] to automatically trace the outline and surface area of the specimens and compare their surface area gain (derived from pixel area gain) between the initial and final measurements. Buoyant weight differences were also quantified for the same individuals at the start and end of each experiment. At the end of the experiment, specimens were soaked in 10% solution of commercial bleach (42 g NaClO l 2 ) in (d) Micro-computer tomography scanning for shell density analysis
Shell density analysis was performed on a SkyScan 1174 (Bruker microCT, Belgium), a high-resolution desktop X-ray scanner, capable of producing two-dimensional shadow images of complete internal three-dimensional structures without chemical fixation.
The mCT-scan allows non-destructive study of density and internal structures of the foraminiferal shell [33] . Five specimens from each treatment were randomly selected for this analysis. Individuals were cleaned using a fine brush, washed in deionized water and oven-dried at 378C. Amphistegina lessonii and M. vertebralis individuals were scanned using 6.7 and 9.6 mm magnification, respectively, in a 1808 rotation using a 0.5 mm Al filter at 50 kv and 800 mA. Subsequently, cross-section images were reconstructed using the software SKYSCANNRECON and imaged using the software DATAVIEWER (Bruker microCT). Foraminifera shell density values were calculated using water and pure aragonite as standards and processed in the software CT-ANALYSER (Bruker microCT).
(e) Analysis of Ca-aTPase and Mg-aTPase activities
Foraminifera were analysed at the beginning and after 15 and 30 days of the experiment. Samples containing 20 individuals were homogenized in a buffer solution containing 500 mM sucrose, 150 mM KCl, 20 mM Tris-Base, 1 mM DL-dithiothreitol and 0.1 mM phenylmethylsulfonyl, with pH adjusted to 7.6. Homogenates were then centrifuged at 10 000g for 20 min at 48C. The resulting supernatant was adjusted to a concentration of 0.1 mg of protein ml
, which was determined using the Quant-iT Protein Assay (Life Technologies, Victoria, Australia). Filtered seawater was used as a control. Ca-ATPase was measured according to a modified protocol originally developed by Chan et al. [49] , using a working buffer containing 80 mM NaCl, 20 mM of Tris-Base, 15 mM KCl and 15 mM CaCl 2 . Mg-ATPase was measured using a similar working buffer; however, instead of CaCl 2 , 15 mM MgCl 2 were added following Busacker & Chavi [50] . Ca-ATPase buffer was adjusted to pH 7.5 while the buffer for Mg-ATPase detection was adjusted to pH 8.1. Afterwards, samples were incubated with 250 ml of working buffer containing 1 mM of ouabain and placed into a water bath at 308C for 30 min. The reaction was started by the addition of 3 mM ATP and stopped by placing the samples in ice for 10 min. Samples were analysed following the method of Fiske & Subbarow [51] . Using this method, the inorganic phosphate (P i ) released from the ATP consumption during calcium and magnesium pumping is measured. P i concentration in the reaction mixture was quantified by spectrophotometry (620 hm) using an ELx 808 absorbance microplate reader (BioTek, VT, USA). P i concentration was determined using a phosphate kit (BioVision, CA, USA) and calculated using a calibration curve constructed with P i standards (10 mM 
(f ) Data analyses
Mixed-model analysis of variance (ANOVA), using aquarium as a nested factor was performed to test whether decreasing pH levels had an effect on growth rates after 30 days. If indicated, ANOVA were followed by post hoc Tukey's (HSD) test. One-way ANOVA was carried out to compare differences in densities among treatments. Linear regression was performed to investigate the relationship between buoyant weight and surface area for each experimental condition and species. The relationship between size and weight is defined by a power function, and so it is expected to be uniform between treatments. Data were log transformed and the slope of the linearized function, which defines the relationship between buoyant weight and surface area from each curve (treatment group), was compared using Student's t-test. Two-way ANOVA followed by the HSD test, if indicated, was used to test the effect of pH through time on the enzymatic activity of each species, using pH levels and time as fixed factors. Results are expressed as mean + 1 s.e.m. All data were checked for homogeneity of variance as well as normality prior to ANOVA using Levene's and ShapiroWilk's tests, respectively. Because growth rates are expressed as percentages, data were arcsine-square-root transformed preceding ANOVA. In all cases, significance level adopted was 95% (a ¼ 0.05).
Results (a) Growth in different pH levels
Growth rate expressed as surface area was not significantly affected by low pH conditions for both A. lessonii and M. vertebralis (figure 1; electronic supplementary material, tables S2 and S12). However, pH significantly affected buoyant weight growth rates in A. lessonii ( figure 1a) . A steady reduction of buoyant weight growth rates was observed for A. lessonii with the gradual decrease of pH in the water; however, significant differences were only observed at pH levels of 7.7 and 7.6, where a reduction of approximately 50% was detected (figure 1a; electronic supplementary material, table S3). No significant difference in surface area and buoyant weight was observed for M. vertebralis among the pH treatments (figure 1b; electronic supplementary material, table S4). The relationship between surface area and BW varied in A. lessonii with exposure to different pH conditions, as specimens of a given surface area cultured at pH below 7.9 are less dense when compared to those grown at ambient conditions (figure 2). Specimens grown under pH 7.7 and 7.6 also grew less (measured as increase in surface area) than those exposed to ambient pH conditions (figure 1a; electronic supplementary material, figure S1a 
(c) Effects on the calcification enzymes
In general, a decrease in pH levels resulted in a significant rise of enzyme activity in A. lessonii (ANOVA; F 3,84 ¼ 37.58; p , 0.01; figure 4a,b). The lowest pH treatment had significantly increased enzyme activity compared with ambient pH conditions (electronic supplementary material, tables S8 and S9), and Ca-ATPase and Mg-ATPase activities were raised twofold after 30 days of exposure ( figure 4a,b) . However, no significant effect was observed for Ca-ATPase activity in M. vertebralis among treatments (figure 4c), and a significant inhibition of approximately 30% of Mg-ATPase activity was observed in those individuals exposed to pH levels below ambient conditions only at the end of the 30 day period (ANOVA; F figure 4d ; electronic supplementary material, tables S8 and S12).
Discussion
The LBF species A. lessonii and M. vertebralis contrast in the type of calcite they precipitate, calcification mechanisms and the symbionts that they host. Our experiment indicates substantial differences in their morphological and biochemical responses to decreasing pH/increasing pCO 2 levels. We suggest that differences in calcification mechanisms and shell morphology (i.e. perforate versus imperforate shells) rather than different endosymbionts have an important influence on how these organisms respond to increasing OA.
(a) Diatom-bearer, low-Mg calcite Amphistegina lessonii Growth rates in A. lessonii specimens exposed to seawater with reduced pH were affected after 30 days of exposure. A similar pattern was observed in specimens of Ammonia tepida that developed lighter shells incubated under elevated pCO 2 levels than those grown under ambient conditions [13] . Ammonia tepida is a symbiont-free species, and even though both species are considered low-Mg calcite, perforate species, the amount of Mg 2þ present in A. lessonii is approximately 100Â higher than Amm. tepida [13, 37] . By contrast, Hikami et al. [52] observed enhanced growth (as shell weight) of the diatom-bearing foraminifera Calcarina gaudichaudii and attributed it to the presence of symbionts, which can benefit from high-CO 2 conditions. Although A. lessonii and C. gaudichaudii harbour the same symbiont species, they differ in concentration of Mg 2þ ions in their calcite [37] . Moreover, it is possible that A. lessonii and C. gaudichaudii are adapted to different environmental conditions of pH, as C. gaudichaudii is mainly found on the reef flat [34] where pH levels are more variable than on the reef slope (e.g. [53] ). Therefore, the energy required by A. lessonii for calcification and to cope with more acidic conditions is potentially greater than that required by C. gaudichaudii. Growth measured as surface area was not affected by decreasing pH levels, but buoyant weight in A. lessonii declined after 30 days. mCT scanning analysis showed that the density of the inner-shell and older chambers of rspb.royalsocietypublishing.org Proc. R. Soc. B 282: 20142782 individuals exposed to pH 7.6/2000 matm CO 2 was reduced relative to those in control aquaria exposed to ambient conditions (figure 3a), even though V Ca was above 1 (table 1) .
It is likely that the decrease in shell density resulted in lower buoyant weight in A. lessonii exposed to pH 7.6. Shell dissolution at V Ca . 1 was also observed in live specimens [25] , suggesting that even when alive these foraminifera cannot avoid partial dissolution of their shell under reduced pH. We suggest that the dissolution suffered passively by A. lessonii exposed to low pH/high CO 2 levels is likely to be the result of the incapacity of foraminifera to repair their shells while maintaining cellular homeostasis, as maintenance of shell integrity may require continuous energy investment (e.g. [54] ).
In A. lessonii, both enzymes Ca-and Mg-ATPases are highly activated, most likely removing Ca 2þ and Mg 2þ ions that are released as a result of dissolution. Glas et al. [17] showed experimentally that no significant changes occurred in the variation of Ca 2þ concentration in the foraminifera's microenvironment.
By contrast, we detected changes in Ca-ATPase activity with shifts in pH levels (figure 4a). Because Ca 2þ is a very important cofactor for the functions of many enzymes and can be cytotoxic in high concentrations [55] , foraminifera must have an internal auto-regulatory system, in which rapid changes in Ca-ATPase activity (this study) can be compensated via other Ca 2þ channels [56] . Alternatively, as the concentration of CO 2À 3 decreases with declining pH levels, Ca-ATPase is upregulated in order to maintain V Ca in the calcification media [57] . The observed enhanced activity at ambient levels is likely to be a result of a natural decline in V Ca values towards the end of the experiment (electronic supplementary material, table S1). A similar pattern was also observed for Mg-ATPase, which in this case would remove Mg 2þ ions from the intracellular media, as Mg 2þ ions prevent calcite precipitation when found in high concentrations [58] .
(b) Dinoflagellate-bearer, high-Mg calcite Marginopora vertebralis
In contrast to A. lessonii, our results showed that growth rates of M. vertebralis were not affected by changes in pH levels. Nonetheless, is important to note that even with an unequal mean size distribution at the outset of the experiment, we did not observe significant differences in growth rates between treatments. Similar results were also found by Vogel & Uthicke [23] , who also observed either no effect or enhanced growth in M. vertebralis after 45 days exposure to as high as 1925 ppm CO 2 . Conversely, a decline in shell weight of newly asexually produced specimens of Amphisorus hemiprichii was detected by Hikami et al. [52] after four weeks exposed to low pH/ high pCO 2 conditions. Both species live on and are adapted to the shallow areas of the reef [34] . In this case, differences in responses observed might be explained by the fact that individuals from early stages and juveniles can be more sensitive and susceptible to changes in environmental conditions (e.g. [59] ). Nonetheless, although we detected no significant direct effect on growth rates of M. vertebralis and Ca-ATPase activity, increasing pCO 2 levels resulted in a significant decline of holobiont Mg-ATPase activity ( figure 4c,d ).
Ca-ATPase activity of M. vertebralis exposed to low pH/ high CO 2 levels increased in the first 15 days for all treatments, than dropped by the end of the experiment. However, significant differences were only observed at pH 7.6 (figure 4c). In this case, it is likely that the reduction in Ca-ATPase activity is a natural consequence rather than an effect of changes in pH levels, as growth rates of M. vertebralis were not affected by these changes (figure 1b).
On the other hand, Mg-ATPase activity declined with decreasing in pH levels (figure 4d). Ter Kuile et al. [22] found that the high-Mg calcite foraminifera Amphisorus hemprichii depends less on ATP than low-Mg species such as A. lessonii. It is likely that less energy is needed by high-Mg species when subjected to stressful conditions, which might affect the precipitation of calcite. Consequently, the inhibition or reduced activity of Mg-ATPase, which plays a role in removing Mg 2þ ions (e.g. [38] ), could be a strategy to cope with different pH/pCO 2 conditions. Alternatively, in order to sustain calcification and Ca-ATPase activity constants, less energy could be available for maintenance of Mg-ATPase activity. Reymond et al. [26] suggested that precipitation of the high-Mg calcite in congener Marginopora rossi would be impaired at pH 7.6 probably owing to changes in HCO À 3 and H þ concentration in the surrounding water, which alter the intracellular chemistry needed for calcification. However, our experiment indicated that M. vertebralis continues to add chambers, increasing in both size and weight regardless of changes in seawater chemistry conditions. Marginopora vertebralis is mainly found in shallow areas around reef flats, where daily CO 2 and pH levels are much more variable than at depth (e.g. [53] ), and are thus likely to be more adapted and less sensitive to changes in carbonate chemistry than M. rossi, which dwell in deeper, more stable environments (e.g. [26] ).
(c) The role of the symbionts Amphistegina lessonii and M. vertebralis not only differ in skeletal chemistry but also symbiont group. Both diatoms and dinoflagellate endosymbionts use CO 2 primarily as an inorganic C source, but they also use HCO 2À 3 for photosynthesis [22] . Previous experiments with Amphistegina radiata and M. vertebralis showed that photosynthesis was either not affected or increased with greater levels of CO 2 [11, 23] , and rates of photosynthesis in both diatom and dinoflagellate symbionts can be enhanced by acidic conditions as CO 2 and HCO À 3 increase in the water [23] . Because foraminifera rely on CO 2À 3 [60] for calcification this might explain why calcification is often affected by OA, while photosynthetic rates remain unchanged. Incorporation of DIC through photosynthesis and calcification in both low-and high-Mg calcite foraminifera are not linked obligatorily, but instead may compete for the same DIC source [22] .
Even though both perforate, low-Mg calcite and imperforate, high-Mg calcite foraminifera species have an internal inorganic C pool which serves mainly for calcification but also photosynthesis [16, 57] , they differ in calcification pathways [16] . Thus, although symbionts play an important role in providing energy to their respective hosts [61] , we suggest that the differences in responses observed between A. lessonii and M. vertebralis are owing more to differences in calcification mechanisms rather than symbiont type. figure 4a,c) .
Mg-ATPase activity seems to be more sensitive to changes in pH/pCO 2 conditions than Ca-ATPase, as the Mg-ATPase activity was affected in both species studied here. Although still poorly known in foraminifera, our results suggest that Mg-ATPase is likely to play a role in regulating the concentration of Mg 2þ inside the calcification site so high-or low-Mg calcite can be precipitated accordingly [16] . would ultimately enter the calcification space.
Conclusion
Our results provide insights into the role of enzymes that transport and regulate Ca 2þ and Mg 2þ ions in starting the precipitation of calcite and how they are affected by changes in pH levels. Even though the biochemical apparatus of both species are affected by the rise in CO 2 concentrations, no mortality was observed throughout the experiment. Nevertheless, because pH and carbonate system parameters covary, it is difficult to identify which of the parameters are causing the effects observed. The differences in biochemical/morphological responses between A. lessonii and M. vertebralis, involving the calcification process, demonstrate their individual ability to function under reduced V Ca . The physiological mechanisms involved in calcification, although not fully understood, indicate that LBF are still able to calcify under predicted OA conditions by regulating enzymatic activity and that responses are species-specific. Amphistegina lessonii, which hosts diatoms and deposits low-Mg calcite, is more sensitive to changes in pH conditions than M. vertebralis, with different symbiont type and skeleton composition. We suggest that one of the factors responsible for these differences in response is the calcification enzymes, which regulate biochemical functions involved in the different calcification pathways and may have ultimately allowed M. vertebralis to overcome its more susceptible mineralogy [63] . Other factors such as the capacity for species to adapt in order to survive substantial variability should also be considered [25] , as both the short-term and evolutionary scale changes under which LBF species have survived and thrive support the interpretation of adaptation to substantial ranges in carbonate saturation states [25, 64] . Therefore, long-term experiments taking into consideration the local environmental variations in pH [25] , and the impacts of OA over multiple generations are crucial to understand their ability to adapt to this changing world [65] .
Data accessibility. Electronic supplementary material is available digitally at Dryad Digital Repository (doi:10.5061/dryad.28816).
